xaggerated T-helper type 2 (Th2) immune responses can cause allergy and asthma, but how the pathological pathways are suppressed in nonallergic individuals remains elusive (1) . Although the dichotomy of Th1 vs. Th2 had suggested that activation of Th1 cells could alleviate allergy, recent evidence implicated Foxp3 ϩ T regulatory (T reg ) cells and IL-10-producing Tr1 cells as critical suppressors of Th2-mediated inflammation (1) (2) (3) . However, the precise molecular and cellular mechanisms that regulate Th2 cells remain to be clarified.
More than two decades ago a 13-kDa polypeptide glycosylation-inhibiting factor (GIF) was found to inhibit IgE antibody formation (4) . GIF is encoded by the same gene that codes for macrophage migration inhibitory factor (MIF) (5) . It is highly conserved throughout the animal kingdom although it does not belong to any cytokine gene family. The gene product of GIF/MIF becomes cysteinylated at C60 in human suppressor T hybridoma cells (6) , although the MIF nomenclature in the literature generally refers to the unmodified form of the cytokine. The modification is required for GIF/MIF (hereafter, GIF) to bind to target cells because in contrast to the modified GIF the unmodified form fails to show saturable binding to any cell types (6) (7) (8) . The modified GIF seems to be uniquely immunoregulatory because injection of C60-modified recombinant GIF at the time of immunization with DNP-Ova suppressed the formation of anti-DNP IgE and IgG1, whereas unmodified GIF showed no such effect (9) . However, it is unknown what types of cells produce the modified form of GIF in the course of immune responses. Unmodified GIF has been documented to be a key proinflammatory cytokine (10) . Given that T-dependent antibody formation requires the activation of innate immunity, how unmodified and modified GIF regulate the immune responses requires clarification.
GIF-deficient mice have been generated and studied (11) (12) (13) . They develop normal populations of haematopoietic cells. The initial report of the mutant mice demonstrated a reduced rate of endotoxin shock (11) . However, the same (14) and other (12) lines of the mutant mice later showed a normal sensitivity to LPS. Thus, the role of GIF in innate immunity needs to be reevaluated. It has also been debated whether GIF directly regulates T cells. A ''neutralizing'' anti-GIF inhibited proliferation of purified T cells induced by anti-CD3, suggesting that GIF augments T cell activation (15) . However, there was no impairment in antigen-dependent proliferation of GIF-deficient T cells (16) . Moreover, the latter study demonstrated that CD4 cells purified from GIF-deficient mice secreted higher amounts of IL-4 and IFN-␥ than wild-type cells, suggesting that this cytokine inhibits the differentiation of naïve CD4 cells toward Th effectors.
To determine whether modified or unmodified GIF has any physiological relevance in the regulation of the Th2 immune response, we used a line of GIF-deficient mice (12) and found that GIF suppressed T-dependent antibody formation and allergic airway inflammation. The responsiveness of toll-like receptors (TLRs) to their ligands was not altered in GIF-deficient mice. The modified GIF inhibited IL-4 production of CD4 cells, whereas the unmodified GIF had no effect on cytokine production. We established an ELISA to specifically detect the modified form of GIF, which revealed that activated T cells derived from CD4
ϩ CD25 Ϫ cells are the major source. Bone marrow chimera experiments showed that GIF derived from T cells inhibited the generation of IL-4 secreting Th effector cells. GIF did not alter the generation or the function of Foxp3 ϩ regulatory T cells, suggesting that GIF meditates an autoregulation of IL-4 production by non-Treg CD4 cells. Experiments using the 4get knockin mice that express the reporter gene, enhanced green fluorescence protein (eGFP), when IL-4 gene expression is induced (17) demonstrated that GIF secreted from CD4 cells suppressed IL-4 mRNA levels of the same cells during the initial 24 h of CD3/CD28 stimulation. Among nuclear factors involved in the activation of naïve CD4 cells, NFATc2 (NFAT1) suppresses Th2 differentiation (18, 19) and mouse asthma inflammation (20) . During the early stimulation of naïve CD4 cells, Author contributions: M.K.-S. and K.S. designed research; M.K.-S., E.M.J., and K.S. performed research; M.K.-S., E.M.J., and K.S. analyzed data; and M.K.-S. and K.S. wrote the paper.
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GIF-deficient CD4 cells had diminished NFATc2 in the nucleus, which was replenished when modified GIF was added to the culture. Taken together, modified GIF secreted from CD4 cells regulated the initial phase of Th2 differentiation by retaining nuclear NFATc2.
Results

GIF Inhibits Th2-Dependent Immune Responses.
To determine the role of GIF in the immune system, we compared antibody responses of GIFϩ/ϩ and Ϫ/Ϫ mice. In naïve mice, there was no difference in serum Ig isotype concentrations, including IgE, between GIFϩ/ϩ and Ϫ/Ϫ mice (data not shown). However, after immunization with a T-dependent antigen ovalbumin (Ova) in alum, serum anti-Ova antibody levels especially of the IgE isotype were strikingly higher in GIFϪ/Ϫ mice than in wild-type mice (Fig. 1A) . In contrast, the antibody response to a T-independent antigen, trinitrophenyl (TNP)-Ficoll showed no difference between GIFϩ/ϩ and Ϫ/Ϫ mice (Fig. 1B) . The data suggest that GIF suppresses T-dependent antibody formation, whereas it does not affect T-independent antibody responses.
Given the robust suppression of the IgE response, we hypothesized that GIF inhibits Th2-dependent immune responses in vivo. The mouse model of allergic asthma is a typical Th2-mediated inflammation. GIFϩ/ϩ and Ϫ/Ϫ mice challenged with PBS did not show any sign of inflammation in the lung, but when challenged with Ova GIFϪ/Ϫ mice demonstrated more extensive cellular infiltration than wild-type mice (Fig. 1C) . PAS staining revealed that Ova-challenged GIFϪ/Ϫ mice had a higher degree of mucus production than GIFϩ/ϩ mice in epithelial cells. Airway hyperresponsiveness (AHR) was also more enhanced in GIFϪ/Ϫ Ovachallenged mice (Fig. 1D ). Bronchoalveolar lavage (BAL) fluids from Ova-challenged GIFϪ/Ϫ mice contained more eosinophils than GIFϩ/ϩ mice (Fig. 1E) . Peribronchial lymph node cells from Ova-challenged GIFϪ/Ϫ mice secreted higher levels of IL-5 and IL-13 (Fig. 1F) . These data indicate that GIF suppresses Th2-dependent inflammation. 
Foxp3
ϩ T reg cells suppress activation of non-T reg cells and are thought to play an important role in preventing not only autoimmune but also allergic diseases (21) . Thus we determined whether GIF was involved in generating Foxp3 ϩ T reg cells. GIFϪ/Ϫ mice had a normal number of CD4 ϩ CD25 ϩ Foxp3 ϩ natural T reg cells [supporting information (SI) Fig. S1 A] . CD4 ϩ CD25 ϩ cells purified from GIFϩ/ϩ and Ϫ/Ϫ mice showed a similar capability to suppress cell division of CD4 ϩ CD25 Ϫ responder cells (Fig. S1B) . Foxp3 ϩ T reg cells can also be induced in vitro (22) . After culturing CD4 ϩ CD25
Ϫ cells in the presence of transforming growth factor (TGF)-␤1 alone or in combination with retinoic acid, similar numbers of Foxp3 ϩ cells were induced from GIFϩ/ϩ and Ϫ/Ϫ cells (Fig. S1C ). IL-10 has been implicated in the suppression of allergy by Foxp3 ϩ T reg cells and Tr1 cells (2, 3) . However, enzyme-linked immunosorbent spot (ELISPOT) assay revealed that the number of IL-10 secreting cells was similar between GIFϩ/ϩ and Ϫ/Ϫ mice after immunization with Ova (data not shown). These data suggest that GIF-mediated suppression of immune responses does not involve the induction or function of Foxp3 ϩ T reg cells or Tr1 cells.
Posttranslationally Modified GIF Inhibits IL-4 Production of CD4 Cells.
A recent report demonstrated that CD4 cells purified from GIFϪ/Ϫ mice secreted higher amounts of IL-4 and IFN-␥ than wild-type cells and that anti-GIF enhanced the cytokine secretion from wild-type CD4 cells (16) . Thus we reasoned that GIF is secreted by CD4 cells and acts on the same cells in cis or trans to inhibit the production of IL-4 and IFN-␥. To confirm and extend the previous observation, we stimulated naïve CD4 cells from GIFϩ/ϩ and Ϫ/Ϫ mice with anti-CD3 and anti-CD28. Secretion of IL-4 was higher in GIFϪ/Ϫ CD4 cells than in GIFϩ/ϩ cells, whereas secretion of IL-2 and IFN-␥ showed no difference between the two sets of cells ( Fig. 2A) . To examine whether GIF regulates cytokine production of CD4 cells, recombinant GIF was added to GIFϪ/Ϫ CD4 cells. A doseresponse study revealed that 20 ng/ml of modified GIF inhibited IL-4 production by Ͼ50%, whereas the effect on IFN-␥ production was inconsistent and modest even at 500 ng/ml GIF (Fig.  2B) . In contrast to the modified form, unmodified GIF showed little to no effect even at 500 ng/ml on the production of IL-4 or IFN-␥ (Fig. 2C) . Thus, GIF inhibits cytokine production with a preference for IL-4 and that the posttranslational modification is required for this activity.
Posttranslationally Modified GIF Is Secreted Mainly by CD4 ؉ CD25 ؊ cells. The source of GIF is not well defined. Previous studies demonstrated that GIF was secreted from T cells (4, 6, 15, 23) and macrophages (24) . GIF mRNA was expressed at modest levels in unstimulated CD4 ϩ CD25 Ϫ cells, CD4 ϩ CD25 ϩ cells, B cells, macrophages, and dendritic cells and was upregulated by 2-to 10-fold in all cells tested after stimulations (Fig. S2) . Given the importance of the posttranslational modification in regulating IL-4 production ( Fig. 2 B and C) , we established a sandwich ELISA to specifically measure the modified GIF. This ELISA detected GIF peptide 58-74, which is completely identical between human and mouse GIF and only becomes exposed on the surface of GIF after it is cysteinylated at C60 (6). We found that modified GIF was secreted (Table S1 ), although the mRNA was upregulated in macrophages upon stimulation (Fig. S2 ). Thus CD4 ϩ CD25 Ϫ T cells have a unique capacity to modify and secrete GIF upon activation among the major cell types involved in the immune response.
GIF Has No Clear Role in Activating Innate
Immunity. It has been documented that unmodified GIF is secreted by macrophages and acts on the same cells, playing an important role in activating innate immunity (10, 24) . One possibility is that the unmodified form of GIF is secreted by and activates macrophages in an autocrine loop, whereas the modified form is secreted by CD4 cells and suppresses Th2 differentiation. However, we were unable to establish an assay to measure unmodified GIF specifically. To examine the role in innate immunity, we compared GIFϩ/ϩ and Ϫ/Ϫ mice for the responsiveness to TLR stimulations in vitro. Although it was reported that macrophages from GIFϪ/Ϫ mice expressed slightly reduced levels of TLR4 and were impaired in secreting TNF-␣ in response to LPS (25), we observed no difference between GIFϩ/ϩ and Ϫ/Ϫ macrophages in TLR4 expression (Fig. S3A) . Secretion of TNF-␣ upon LPS stimulation was similar between GIFϩ/ϩ and GIFϪ/Ϫ macrophages and dendritic cells (Fig. S3B ). Finally we examined the expression of costimulatory molecules (CD40, CD80, and CD86) on macrophages after stimulating TLR4 by LPS and TLR3 by double-strand RNA. There was no difference between GIFϩ/ϩ and Ϫ/Ϫ macrophages in upregulation of any of these costimulatory molecules (Fig. S3C) . Taken together, we conclude that GIF, regardless of the modification, is not required for the activation of innate immunity.
T Cell-Derived GIF Inhibits Expansion of IL-4 Secreting Th Effectors in
Vivo. To assess whether T cell-derived GIF plays a major role in regulating Th differentiation in vivo, we performed a bone marrow chimera experiment. GIFϪ/Ϫ mice were lethally irradiated and received bone marrow cells from (i) GIFϩ/ϩ mice, (ii) GIFϪ/Ϫ mice, or (iii) mixed bone marrow cells from GIFϪ/Ϫ mice and TCR␤Ϫ/Ϫ mice, which provide a source of GIF from non-T haematopoietic cells. After reconstitution, we immunized mice and enumerated cytokine-secreting cells by an ELISPOT assay. The mice reconstituted with GIFϪ/Ϫ haematopoietic cells generated more IL-4 producers than the mice with GIFϩ/ϩ haematopoietic cells (Fig. 4) . The mice in which all haematopoietic cells other than ␣␤-T cells expressed GIF also generated an enhanced number of IL-4 secreting cells, similar to those that had totally GIFϪ/Ϫ haematopoietic cells. These data clearly indicate that T cells are the source of GIF that suppressed the generation of IL-4-secreting Th effectors in vivo. Consistent with the modest effect on IFN-␥ secretion in vitro, the effect of GIF on the generation of IFN-␥ producers in vivo was not as robust as that on IL-4 producers.
GIF Retains NFATc2 in the Nucleus and Maintains IL-4 mRNA at Low
Levels During the Initial Phase of Th Differentiation. To investigate the molecular mechanism by which GIF regulates IL-4 production, we measured mRNA for IL-4 and GATA-3, a key transcription factor for Th2 differentiation, expressed in CD4 cells after stimulation with anti-CD3 and anti-CD28. GIFϪ/Ϫ cells expressed higher levels of IL-4 mRNA than GIFϩ/ϩ cells from 24 through 96 h of culture (Fig. 5A) (Fig. 5B) . Secretion of IL-4 was higher in GIFϪ/Ϫ cells from 24 to 96 h (Fig. 2 A) . Furthermore, inclusion of neutralizing anti-IL-4 in the culture abolished the induction of GATA-3 mRNA through the same period of culture (data not shown). Thus the enhancement of GATA-3 mRNA in GIFϪ/Ϫ cells may reflect the exaggerated signal through IL-4 receptor in these cells.
IL-4 production by naïve CD4 cells is initiated by signals via TCR and CD28, independent of IL-4 receptor signaling. Realtime PCR showed that IL-4 mRNA was higher in GIFϪ/Ϫ cells than in GIFϩ/ϩ cells (Fig. S4) and addition of cysteinylated GIF to GIFϪ/Ϫ CD4 cells reduced IL-4 mRNA 10-12 h poststimulation (Fig. S5) . These data suggest that GIF acts on CD4 cells and suppresses the initiation of IL-4 production. To clarify whether intracellular or secreted GIF regulates the early expression of IL-4 mRNA, we used the sensitive 4get bicistronic IL-4 reporter mice (17) crossed onto a GIFϪ/Ϫ background. We mixed the reporter CD4 cells and either GIFϩ/ϩ or Ϫ/Ϫ CD4 cells and stimulated them using anti-CD3 and anti-CD28 (Fig.  5C ). Before stimulation, the population of IL-4/eGFP ϩ cells was 0.79% of the reporter CD4 cells. When the reporter cells were cocultured with GIFϩ/ϩ cells, the IL-4 ϩ population of the reporter cells increased temporarily at 2 h and then decreased to the baseline at 11 h of stimulation. This trend is consistent with previous reports that IL-4 mRNA increased strikingly 2 h after TCR/CD28 engagement, but was rapidly downregulated thereafter (26, 27) . Coculture with GIFϪ/Ϫ CD4 cells induced the same extent of IL-4 expression at 2 h as that with GIFϩ/ϩ CD4 cells. After 11 h, however, the proportion of IL-4 ϩ cells was consistently higher when the reporter cells were cultured with GIF-deficient cells than with wild-type cells. Thus, GIF secreted from CD4 cells acted on the reporter CD4 cells and maintained IL-4 mRNA at low levels within 24 h of stimulation.
The initiation of Th2 differentiation is regulated by transcription factors including NFAT, NF B, and AP-1 (JunB) (18) . Three hours after stimulation with anti-CD3 and anti-CD28, all of these transcription factors were predominantly detected in the nuclear fraction in both GIFϩ/ϩ and Ϫ/Ϫ cells (Fig. 5D) . At 24 h, the wild-type cells maintained a high amount of NFATc2 in the nuclear fraction, although GIFϪ/Ϫ cells had strikingly reduced NFATc2 in the nuclear fraction. In contrast, NFATc1, NF Bp50, and JunB revealed no difference between GIFϩ/ϩ and Ϫ/Ϫ cells. Therefore GIF selectively supports nuclear retention of NFATc2 during the first 24 h of naïve CD4 cell activation. Because NFATc2 inhibits early IL-4 expression and Th2 differentiation (18, 19) , the maintenance of this transcription factor in the nucleus may be involved in the mechanisms by which GIF suppresses the initiation of IL-4 production. Finally we determined whether replenishment of GIFϪ/Ϫ cells with GIF enhances the amount of NFATc2 in the nuclear fraction (Fig. 5E) . Consistent with the requirement for posttranslational modification of GIF in suppressing Th2 differentiation (Fig. 2 B  and C) , only the modified GIF elevated nuclear NFATc2 in GIFϪ/Ϫ cells, without affecting NFATc1, NF Bp50, and JunB. Thus, posttranslationally modified GIF acted on CD4 cells and maintained NFATc2 in the nucleus.
Discussion
This study demonstrates that the cytokine GIF plays a major role in controlling IL-4 production by Th effectors and IgE antibody formation. Evidence has accumulated that GIF acquires the immunosuppressive activity via posttranslational modification, cysteinylation. First, IgE antibody formation was diminished only when modified GIF was injected (9) . Second, the modification was required for GIF to inhibit B cell antigen presentation (28) and CD4 cell differentiation to Th2 effectors (Fig. 2 B and   C) . Third, the modified GIF retained NFATc2 in the nucleus during the initiation of Th differentiation, but the unmodified GIF failed to do so (Fig. 5E ). There is no other precedent cytokine known to be cysteinylated and the mechanism by which GIF becomes cysteinylated remains unknown. Reagents including an inhibitor for the cysteinylation, a mouse mutant that lacks the expression of cysteinylated GIF, and a neutralizing antibody specific for cysteinylated GIF, would be useful to further investigate the significance of the modification.
Cysteinylated GIF was mainly secreted by CD4 ϩ CD25 Ϫ T cells after stimulation of CD3/CD28. A bone marrow chimera exper- iment demonstrated that T cells were the source of GIF that suppressed expansion of IL-4 secreting Th effectors. Thus, T helper cells may use GIF as a self-regulatory mechanism of adaptive immunity. Similar to IL-10 (3), GIF production did not correlate with the expression of Foxp3, the key transcription factor for T reg cells. However, the present work suggests that GIF is one of the emerging immunoregulatory cytokines. Although the unmodified GIF has been implicated in the activation of innate immunity (10), the sensitivity of GIFdeficient mice to endotoxin shock has been controversial (11, 12, 14) . Our in vitro experiments indicated that expression of GIF is not required for macrophages or dendritic cells to respond to TLR ligands. The data collectively support the notion that GIF regulates adaptive rather than innate immunity. GIFϪ/Ϫ mice showed an enhanced antibody formation following immunization with a T-dependent antigen, whereas serum Ig levels in these mice before immunization demonstrated no difference from those in wild-type animals. Numbers of IL-4 secreting cells and IFN-␥ secreting cells in lymph nodes of naïve GIFϪ/Ϫ mice were similar to those of GIFϩ/ϩ mice as determined by ELISPOT assays (M.K.-S. and K.S., unpublished results). These results suggest that strong antigen stimulation of CD4 cells, the major source of GIF, is required for GIF to play a key role in regulating CD4 cell differentiation.
Our data of enhanced airway inflammation in GIFϪ/Ϫ mice are in conflict with previous reports that GIFϪ/Ϫ mice showed decreased extents of asthma inflammation (16, 23, 29) . The basis of the discrepancy remains unknown, but it could be because of the different experimental conditions used: in the previous experiments mice were sensitized with 10-to 100-fold higher doses of Ova than in our experiments. Perhaps more importantly, previous experiments were performed with GIFϪ/Ϫ mice crossed onto a BALB/c genetic background, which is predisposed to develop more extensive asthma inflammation than the B6 background mice that we used. Thus experiments using BALB/c mice have a caveat that mutant mice are difficult to develop more enhanced inflammation than wild-type mice. In fact, when we performed the asthma experiments using GIFϩ/ϩ and Ϫ/Ϫ mice crossed onto a BALB/c background, we did not detect any difference in the extent of inflammation (data not shown). No matter whether on B6 or BALB/c background, GIFϩ/ϩ CD4 cells secreted less IL-4 than GIFϪ/Ϫ cells in vitro (Fig. 2 and ref. 16) .
TCR/CD28 signaling is sufficient to initiate Th2 differentiation. After IL-4 becomes secreted, IL-4 receptor/STAT6 signaling stabilizes and amplifies Th2 differentiation (19) . Real-time PCR showed that at 12 h of stimulation GIFϪ/Ϫ CD4 cells expressed more IL-4 mRNA than GIFϩ/ϩ cells (Fig. S4) , which anti-IL-4 did not affect (data not shown). Experiments using 4get reporter cells revealed that IL-4 transcripts were higher when the reporter cells were cocultured with GIFϪ/Ϫ cells than GIFϩ/ϩ cells from 11 through 24 h of culture. The data indicate that GIF secreted from naïve CD4 cells acts on the same cells and regulates the initiation of IL-4 production.
It has been reported that IL-2 receptor signaling and TCRinduced GATA-3 during the first 24 h of T cell activation are important when Th2 differentiation is induced by a low-dose antigen (30) . However, GIF did not affect the levels of IL-2 mRNA (data not shown). Our data suggest that the enhanced GATA-3 expression in GIFϪ/Ϫ cells reflects the enhanced IL-4 receptor signaling. Therefore, these mechanisms do not seem relevant to GIF suppression of the early production of IL-4.
During the first 24 h of naïve CD4 cell stimulation GIFϪ/Ϫ cells failed to retain nuclear NFATc2, while maintaining normal levels of nuclear NFATc1, NF Bp50, and JunB. Of note, the 4get reporter CD4 cells cocultured with GIF-deficient cells displayed a similar enhancement of IL-4 transcripts to that in NFATc2 (NFAT1)-deficient cells between 11 and 24 h (26).
Taken together, GIF may suppress the initiation of IL-4 production by maintaining NFATc2 in the nucleus. Because GIF did not affect the amounts of nuclear NFATc2 and NFATc1 at 3 h of stimulation, GIF may not impact on calcineurin-induced dephosphorylation and nuclear import of NFAT. Further understanding of the biochemical mechanisms by which GIF regulates nuclear import or export of NFATc2 requires identification of the receptor for GIF and the study of the signaling pathway triggered by its ligation.
The receptor for the unmodified GIF has been reported to be CD74 (31), which is not expressed on mouse CD4 cells. Because modified GIF binds to mouse CD4 cells (32) and directly regulates their IL-4 production, modified GIF presumably has its own receptor. Identifying biochemical signals through this GIF receptor and the mechanism of GIF cysteinylation will provide an intriguing opportunity of treating allergy and asthma.
In conclusion, this work demonstrates that GIF represents previously unrecognized but a major mechanism of suppressing Th2-dependent immune responses. The posttranslational modification is essential for this cytokine to reveal the regulatory activity.
Materials and Methods
Mice. GIFϪ/Ϫ mice (12) were crossed onto C57BL/6 or BALB/c genetic background for Ͼ10 generations, respectively. Reporter mice, 4get (17) , were crossed onto a B6 GIFϪ/Ϫ background.
Antibody Responses.
To determine serum levels of anti-Ova and anti-TNP antibodies, sandwich ELISA was performed by coating plates with 20 g/ml Ova or 10 g/ml TNP-Ova, respectively, and incubating them with diluted sera followed by biotinylated anti-mouse Ig antibodies and streptavidinconjugated horse radish peroxidase (HRP). Signals were developed by TMB substrate (Dako). End point titers were used as a measure of relative concentration.
Cell Preparation. CD4 ϩ CD25 Ϫ cells were purified from mouse lymph nodes and spleens using EasySep (Stemcell Technologies) with the addition of biotinylated anti-CD25. CD4 ϩ CD25 ϩ cells were purified using CD4 ϩ CD25 ϩ Regulatory T cell isolation kit (Miltenyi Biotec). To deplete T cells from spleens, Thy1.2 microbeads were used. B cells were purified using mouse CD19 positive selection kit (Stemcell Technologies). Dendritic cells were induced by culturing bone marrow cells with 200 ng/ml recombinant human Flt3-ligand for 10 days. Macrophages were obtained by peritoneal lavage of thioglycollate-injected mice, as performed previously (33) .
Cell Culture. Purified CD4 ϩ cells were stimulated with 1 g/ml soluble anti-CD28 in tissue culture-untreated plates (BD Falcon) coated with 1 g/ml anti-CD3. To determine Th effector differentiation in vitro, CD4 ϩ CD25 Ϫ cells were stimulated for 6 days, washed and restimulated for 24 h. To evaluate IL-4 gene expression by flow cytometry, CD4 ϩ CD25 Ϫ cells purified from 4get ϩ/Ϫ GIFϪ/Ϫ mice (0.25 ϫ 10 6 cells per well) were labeled with Alexa Fluor 633 carboxylic acid succinimidyl ester, mixed with CD4 ϩ CD25 Ϫ cells from either GIFϩ/ϩ or Ϫ/Ϫ mice (1.0 ϫ 10 6 cells per well) and stimulated as above. To determine the production of GIF, purified CD4 ϩ cells were plated at 0.4 ϫ 10 6 cells per well, 2 ml per well in 24-well tissue culture-untreated plates coated with 1 g/ml anti-CD3 in the presence of 1 g/ml soluble anti-CD28 and 3 ng/ml IL-2. Purified B cells were cultured at 1 ϫ 10 6 cell per ml, 1 ml per well in 24-well plates with 20 g/ml LPS or 1 g/ml anti-CD40 and 10 ng/ml IL-4. Macrophages were plated at 2 ϫ 10 6 cell per ml, 2 ml per well in 12-well plates (BD) with or without the above reagents. Dendritic cells were cultured at 1 ϫ 10 6 cell per ml, 10 ml per dish (BD) without any additional reagent or with 100 ng/ml LPS, 5 ng/ml IFN-␥, or 100 nM CpG.
Measurement of Cytokine Secretion. Mouse IL-2, IL-4, IL-5, IL-13, and IFN-␥ were measured by ELISA, as described before (28) . TNF-␣ was measured using BD cytometric bead array (BD). GIF was measured by a sandwich ELISA as follows. High-binding half-area plates (Corning, NY) were coated with 2 g/ml HG3 antibody in 0.1 N NaHCO 3 at 4°C overnight, washed with 0.05% Tween 20, PBS, and blocked with 3% BSA, PBS. Samples were applied and incubated at 4°C overnight. The plates were then washed and incubated with 5 g/ml biotinylated B21 antibody diluted in 1 mg/ml BSA, PBS at room temperature for 1 h. Finally, the plates were incubated with HRP-streptavidin (Zymed), washed, Peritoneal macrophages elicited by thioglycollate and dendritic cells induced with Flt 3 ligand from bone marrow cells were cultured with either 100 ng/ml LPS, 5 ng/ml IFN-␥, or 100 nM CpG. The secretion of modified GIF was determined by ELISA.
